We present an analysis on the performance of the Cassegrain and Gregorian on-axis, off-axis and offset antennas. In our study, we have adopted the design parameters for the Cassegrain configuration used in the Atacama Large Millimeter Array (ALMA) project. Modifications on the original parameters are made so as to meet the design requirement for the off-axis and offset configurations. To reduce spillover loss in the offset antennas, we have adjusted the angle between the axis of the primary reflector and that of the sub-reflector, so that the feed horn is placed right next to the edge of the primary reflector. This is to allow the offset antennas to receive the highest power at the feed horn. In our study, signal frequency at the high-edge of ALMA band 1, i.e. 45 GHz has been selected. The results obtained from the physical optics simulation show that the radiation characteristics of both Cassegrain and Gregorian antennas are similar. The on-axis designs exhibit the best performance with an aperture efficiency ε a as high as 80.34%. This is followed by the offset designs with ε a = 80.24% and 80.26% for the Cassegrain and Gregorian configurations, respectively. Due to significant spillover loss at the centre hole of the primary reflector, the off-axis designs give the lowest main lobe and high side lobes. The performance of the off-axis configurations is therefore the poorest, with ε a below 75%. Our analysis also shows that the performances of both onaxis Cassegrain and Gregorian antennas are comparable to each other.
Introduction
Radio telescopes are built to observe naturally occurring signal emission from cosmic sources, such as stars, galaxies, planet, quasars, etc [1 -5] . Signals from distant celestial objects received at the surface of the earth are usually very faint. Hence, the size of a radio telescope has to be large so as to increase the signal energy received. A typical radio telescope consists of a parabolic primary reflector antenna and a hyperboloid or ellipsoid sub-reflector. The large circular parabolic reflector is to ensure that the telescope has a large signal collecting aperture and to give high angular resolution over a wide frequency range. Incoming signal collected by the primary reflector is focused onto a feed horn located behind or below the parabolic primary reflector. The incoming signal is then coupled onto a detector mounted in the waveguide and processed to display the spectral and spatial information [6 -9] .
Reflector antennas' design could have different forms of geometrical configurations. The most commonly found ones are the prime-focus, Cassegrain and Gregorian configurations [10] . The prime-focus antenna is the simplest. It consists of only a main reflector and feed horn mounted directly at the focal point, with its aperture facing downward towards the reflector. The Cassegrain and Gregorian antennas, on the other hand, are multiple-reflector antennas, i.e. they consist of at least two reflectors. Unlike the case of the prime-focus, the feed of the Cassegrain or Gregorian configuration is usually placed at the bottom, some distance below the primary reflector. Multiple-reflector antennas are usually more popular. They are preferred over the primefocus system for a number of reasons. Firstly, the magnifying sub-reflector can increase the effective focal length f to reflector diameter D ratio (f/D ratio), allowing an array of multiple feed horns to be located at the focal plane. Secondly, the feed horn of the Cassegrain and Gregorian configurations is directed towards the cold sky, instead of the warm ground. It therefore avoids picking up thermal noise from the ground. Also, the receivers can be easier accessed since they are located near the vertex of the primary reflector, instead of at the primary focal point. Examples of existing telescopes which employ the Gregorian configuration are the Green Bank Telescope [11 -14] , the Arecibo observatory [15, 16] , the Allen Telescope Array (ATA) [17, 18] , and the Square Kilometer Array (SKA) interferometer currently being developed in both Australia and South Africa [19 -22] . On the other hand, Cassegrain configurations are used in the design of the sixtysix 12 m antennas in the Atacama Large Millimeter Array (ALMA) project, where the most sophisticated millimeter/submillimeter interferometer is built in northern Chile [23 -26] . The Crawford Hill antenna of the Bell Telephone Laboratories has also employed the Cassegrain configuration [27 -29] .
The feed of a Cassegrain or Gregorian antenna can either be mounted along the axis and near the vertex of the main reflector (i.e. an on-axis configuration) or tilted away from the axis (i.e. the off-axis and offset configurations). The off-axis antenna configuration is somewhat similar to the on-axis configuration. The main difference between these two configurations is that the sub-reflector and feed horn of the off-axis configuration are tilted and the feed horn is positioned away from the axis of the primary reflector. On the other hand, the sub-reflector and feed horn of an offset antenna are placed at one side of the primary reflector. Unlike the on-axis and off-axis designs where the focal point of the main reflector is along its axis, the focal point of the offset antenna is located at the side of the main reflector. Figures 1 to 3 show the offset, on-axis and off-axis Cassegrain configurations while Figures 4 to 6 depict those for the Gregorian configurations. The design and analysis of these antenna configurations, such as the calculation and measurement of the taper and spill-over loss, as well as, overall aperture efficiencies, could be easily found in the literatures [11 -29] . It is to be noted, however, that comparison on the performance among the on-axis, off-axis, and offset Cassegrain and Gregorian designs is, surprisingly, rare. Since it will be interesting to find out which configuration performs better at a particular frequency, we present an investigation on the radiation characteristics of these reflector antennas in this paper. 
Design
In our analysis, we employ the parameters used in [4] for both the on-axis Cassegrain and Gregorian antennas. These parameters are then modified to fit the design requirements of the offset and off-axis configurations. To minimize the side lobe levels and cross polarization, we apply Mizuguchi condition to optimize the design of our offset antennas. The condition to cancel cross polarization in offset designs can be determined by (1) below [30] β cos 2 ) 1 (
where M is the magnification ratio, e the eccentricity of the sub-reflector, and β is the angle subtended between the axis of the primary reflector and that of the sub-reflector (as shown in Figures 1 and 4) . To develop the offset configurations based on the original on-axis designs in [4] , β is adjusted to move the positions of the feed horn and the reflectors.
Results and Discussion
As shown in [31] , the antenna design for ALMA band 1 gives the highest aperture efficiency at the high-edge frequency of 45 GHz. Hence, we have selected signal frequency f at the high edge when analyzing the performance of the three types of designs, namely, on-axis, off-axis and offset for both Cassegrain and Gregorian configurations. For the offset designs, we have selected β at 0.20º based on the findings presented in [31] . In both Cassegrain and Gregorian offset designs, the smaller the angle of β, the distance of the feed horn will be shifted closer to the primary reflector. The feed horn is to be placed close to the reflector to minimize spillover loss. At the same time, care is also to be taken to make sure that the signal to be coupled to the feed horn would not be blocked by the reflector. As shown in [32] , at β = 0.20º, the feed horn is placed close enough right next to the edge of the parabolic reflector, allowing it to receive the highest power. Tables 1   to 6 summarize the parameters for the design of the antennas. It is to be noted that the parameters for both the on-axis and off-axis designs are similar, with the exception that a much larger hole radius v and an offset angle θ 0 exist in the off-axis configurations.
In order to analyze the performance of the antennas, GRASP physical optics software has been used to simulate the radiation characteristics of the antennas. GRASP or General Reflector Antenna Software Package has been widely used in analyzing reflector antennas and antenna farms, particularly in the space industry. Indeed, the tool has been continuously refined based on industry requirements and backed by the European Space Agency (ESA). Experimental measurements for the ALMA receivers have been found to be in good agreement with those obtained from GRASP [33 -36] . Figure 7 depicts the radiation patterns of the on-axis, off-axis and offset Cassegrain antennas. From the figure, it could be seen that the amplitude of the on-axis and the 0.20º offset Cassegrain are comparable at the main lobe. The main lobe of the off-axis Cassegrain configuration, on the other hand, is much lower in amplitude; while the amplitude of its side lobes are relatively higher than those obtained from the other two counterparts. It is apparent that the off-axis design exhibits the lowest performance among all three designs. The poor performance of the off-axis Cassegrain can be attributed to the large hole radius v at the primary reflector, which results in high spillover loss. The spillover efficiency ε s obtained from GRASP indicates that the offset Cassegrain is the highest, with ε s = 0.9284. This is followed by the on-axis with ε s = 0.9169 and lastly, the off-axis with ε s = 0.6411. Figure 8 shows the radiation patterns of the on-axis, offaxis, and offset Gregorian antennas. Upon close inspection on both Figures 7 and 8 , we could observe that the radiation patterns found in the Gregorian designs are similar with those in the Cassegrain designs. Like the case of the Cassegrain configurations, the off-axis design exhibits the lowest performance among all three Gregorian configurations -it has the lowest main lobe and high sidelobes. The spillover efficiency ε s of the offset, on-axis, and off-axis Gregorian designs are 0.9278, 0.9169, and 0.7840, respectively.
It is to be noted that high spillover efficiency ε s does not necessarily guarantee high aperture efficiency ε a of an antenna. This is because the aperture efficiency ε a is governed by both spillover efficiency ε s and taper efficiency ε t [37] . The former corresponds to the degree of central concentration of an illumination distribution; whereas the latter corresponds to the degree of uniform illumination intercepted by the reflector. Since the most important indicator of an antenna design is the aperture efficiency ε a , it is therefore computed here in order to determine the performances of the different kinds of antenna configurations. The aperture efficiency ε a can be expressed in terms of ε s as where r a and r s denote the primary and secondary reflector radius, respectively. For the ALMA antenna, r a = 6000 mm and r s = 375 mm. Table 7 summarizes the aperture efficiency ε a of the antennas. From the table, it can be seen that the on-axis design for both Cassegrain and Gregorian configurations are comparable with each other and that they exhibit the highest aperture efficiency ε a . Although the offset configurations show the highest spillover efficiencies, their aperture efficiencies turn out to be lower than their on-axis counterparts. This result can be attributed to the lower taper efficiencies ε t of the configurations. The off-axis configurations show the worst performance among the designs. This is to be expected since the large centre hole radius v at the primary reflector results in significant signal loss. 
Conclusions
We have performed a comparison among on-axis, off-axis and offset designs for both Cassegrain and Gregorian reflectors. To reduce spillover loss in the offset design, we have adjusted the angle between the axis of the primary reflector and that of the sub-reflector to 0.20 o as presented in [31] . From the results, it is observed that the radiation patterns generated by the on-axis design are more superior compared to the offset and off-axis designs for both Cassegrain and Gregorian configurations. The radiation patterns from the on-axis designs for both antenna configurations are in close proximity between each other. The aperture efficiencies found in both on-axis Cassegrain and Gregorian designs are comparable with each other as well. Hence, it can be concluded that both on-axis Cassegrain and Gregorian antennas give the best performance. 
